Running title: Nab2 interacts with planar cell polarity factors in Drosophila ABSTRACT Mutations in the gene encoding the ubiquitously expressed RNA-binding protein ZC3H14 result in a non-syndromic form of autosomal recessive intellectual disability. Studies in Drosophila have defined roles for the ZC3H14 ortholog, Nab2 (aka Drosophila Nab2 or dNab2), in axon guidance and memory due in part to interaction with a second RNA-binding protein, the fly Fragile X homolog Fmr1, and coregulation of shared Nab2-Fmr1 target mRNAs. Despite these advances, neurodevelopmental pathways regulated by Nab2 remain poorly defined. Structural defects in Nab2 null brains resemble defects observed upon disruption of the planar cell polarity (PCP) pathway, which regulates planar orientation of static and motile cells. A kinked bristle phenotype in surviving Nab2 mutant adults additionally suggests a defect in F-actin polymerization and bundling, which is also a PCP-regulated processes. To test for Nab2-PCP genetic interactions, a collection of PCP loss-of-function alleles was screened for modification of a rough-eye phenotype produced by Nab2 overexpression in the eye (GMR-Nab2) and subsequently for modification of Nab2 null phenotypes. Multiple PCP alleles dominantly modify GMR-Nab2 eye roughening and a subset of these alleles also rescue low survival and thoracic bristle kinking in Nab2 zygotic nulls. Moreover, alleles of two X-linked PCP factors, dishevelled (dsh) and β amyloid protein precursor-like (Appl), rescue GMR-Nab2 eye roughening in male progeny derived from hemizygous dsh or Appl mutant fathers, suggesting an additional effect inherited through the male germline. These findings demonstrate a consistent pattern of Nab2-PCP genetic interactions that suggest molecular links between Nab2 and the PCP pathway in the developing eye, wing and germline.
INTRODUCTION
Mutations in genes that encode RNA-binding proteins often lead to tissue-specific disease pathology, particularly within the brain and nervous system (reviewed in CASTELLO et al. 2013) . Inactivating mutations in the human ZC3H14 gene, which encodes a ubiquitously expressed zinc-finger, poly(A) RNA-binding protein, are linked to a monogenic form of non-syndromic autosomal recessive intellectual disability (reviewed in FASKEN et al. 2019) . The ZC3H14 protein and its homologs in the budding yeast S. cerevisiae and fruit fly Drosophila melanogaster (Nab2 in both species) interact with A-rich motifs in RNAs and restrict the length of mRNA polyadenosine (poly(A)) tails. Phenotypes associated with loss of Nab2/ZC3H14 are thus predicted to arise due to defects in post-transcriptional control mechanisms that involve poly(A)-dependent mRNA processing and nuclear export, stability, localization, and/or translation.
Studies in Drosophila indicate that Nab2/ZC3H14 share a conserved and necessary function in brain neurons (PAK et al. 2011; KELLY et al. 2014) . Neuron-specific Nab2 RNAi is sufficient to recapitulate phenotypic effects of Nab2 loss, and neuron-restricted expression of either fly Nab2 or human ZC3H14 rescues developmental defects that otherwise occur in Nab2 zygotic null animals.
Notably, RNAi knockdown of Nab2 in motor neurons has no effect on survival or behavior (KELLY et al. 2014) , implying a requirement for Nab2 in central nervous system (CNS) neurons. Consistent with this hypothesis, loss of Nab2 alters brain structure and impairs olfactory and courtship memory in Drosophila, while ZC3H14 loss in mice alters hippocampal morphology and decreases working memory (KELLY et al. 2016; RHA et al. 2017; COLLINS et al. 2019) . Mice lacking ZC3H14 have enlarged lateral ventricles and exhibit defects in a water-maze test of working memory, while Nab2deficient flies exhibit defective axon guidance in the αβ lobes of the mushroom body (MB) and defective memory in courtship and aversive odor paradigms (BIENKOWSKI et al. 2017) . Within Drosophila brain neurons, Nab2 protein concentrates in the nucleus but is also found in cytoplasmic messenger ribonucleoprotein particles (mRNPs) in a physical complex with the fly Fragile-X protein Fmr1 (BIENKOWSKI et al. 2017) . This Nab2-Fmr1 complex is independent of linking RNA and correlates with translational repression of shared target mRNAs, e.g. CaMkII mRNA. Murine ZC3H14 co-sediments with a puromycin-sensitive 80S ribosomal fraction and localizes to developing axons and dendritic spines; in the latter compartment, ZC3H14 colocalizes with the post-synaptic guanylate kinase PSD95 . In aggregate, these data indicate that cytoplasmic Nab2/ZC3H14 is found in neuronal mRNPs and likely plays roles in pre-and post-synaptic expression of mRNAs involved in axonogenesis and memory.
The majority of Nab2-regulated mRNAs are undefined, but similarities between phenotypes of a Nab2 null allele and other mutants could identify candidate Nab2-regulated pathways. One such candidate is the Wnt/PCP (planar cell polarity) pathway, which controls the planar orientation of cells via localized effects on the F-actin cytoskeleton (reviewed in YANG AND MLODZIK 2015). PCP involves two apically localized transmembrane complexes, Starry Night (also Flamingo)-Van Gogh-Prickle (Stan-Vang-Pk) and Starry night-Frizzled-Dishevelled-Diego (Stan-Fz-Dsh-Dgo), that interact across cell:cell junctions but are mutually antagonistic within cells, resulting in a polarized pattern of complex accumulation that propagates across the apical plane of an epithelium. PCP contributes to a number of developmentally programmed processes, including convergent extension, neural tube closure, and proximal-distal hair cell orientation (YANG AND MLODZIK 2015). Significantly, the PCP factors are also involved in axon extension and guidance in the developing nervous systems of mouse, chicken, Drosophila and C. elegans (SATO et al. 2006; SRAHNA et al. 2006; INAKI et al. 2007; HOLLIS AND ZOU 2012; NG 2012; VANDEWALLE et al. 2013; ACKLEY 2014; GOMBOS et al. 2015; AVILES AND STOECKLI 2016) . In Drosophila, loss-of-function alleles of the PCP factors dishevelled (dsh), prickle (pk), frizzled (fz) and Van Gogh (vang; also strabismus, stbm) disrupt axon projection into α and lobes of the brain mushroom bodies (MBs) in a manner that resembles αβ MB defects in Nab2 muta (NG 2012; KELLY et al. 2016) . Nab2 loss also produces a prominent kinking defect in adult thora bristles (PAK et al. 2011) , which are generated through the PCP-regulated process of ac polymerization and bundling (YANG AND MLODZIK 2015) . These phenotypic similarities between effects of PCP and Nab2 alleles on MBs and thoracic bristles suggest a potential link between po transcriptional effects of Nab2 and PCP activity.
To use genetic means to test a Nab2-PCP link in vivo, a panel of alleles corresponding to P and PCP-related factors was screened for dominant modification of a rough-eye phenotype produc by eye-specific Nab2 overexpression (GMR-Nab2) (PAK et al. 2011) . This analysis reveals a consist pattern of genetic interaction between PCP factors and exogenous GMR-Nab2 that could also observed with a null allele of endogenous Nab2 (Nab2 ex3 ). Nab2-PCP genetic interactions are appar at multiple levels, including overall organismal viability, thoracic bristle morphology and patterning the eye epithelium, and further supported by misorientation of wing hairs in Nab2 mutants, a hallma feature of most PCP factors in Drosophila (reviewed in YANG AND MLODZIK 2015). Somew surprisingly, the modifying effect of dishevelled (dsh) and ß-Amyloid protein precursor-like (Ap alleles on Nab2 gain (GMR-Nab2) or loss (Nab2 ex3 ) can also be transmitted through the male germli independent of their inheritance, suggesting an additional, potentially epigenetic, link between P and Nab2. 
MATERIALS AND METHODS

DROSOPHILA GENETICS
Crosses were maintained in 25°C humidified incubators with 12hr light-dark cycles (Shel•Lab). The
Nab2 alleles ex3 (null), pex41 (precise excision 41 control), and Nab2 EP3716 used for Gal4-driven Nab2 expression, have been described previously (PAK et al. 2011 
IMAGE and DATA COLLECTION
Adult flies were imaged with a Leica DFC500 digital camera under white light. Images were processed with ImageJ and Adobe Photoshop to standardize brightness and convert to greyscale. Eye phenotypes were categorized as 'Enhancer (Enh)', 'Suppressor (Sup)', or 'no effect' based on visual assessment of pigmentation loss and disorganization of the retinal honeycomb structure (see Table 1 ). For survival assays, the hatching rate of non-Tubby pupae collected from a Nab2 ex3 /TM6B Tb,Hu stock, either alone or also carrying the indicated PCP alleles (as in Figure 2 ), was determined by manual counting. To assess bristle kinking, humeral and scutal macrochaeta on the thorax were visually examined for the sharp kinks characteristic of Nab2 ex3 adults (PAK et al. 2011) . Adults with at least one kinked thoracic bristle were scored 'positive' for the kinking phenotype.
STATISTICAL ANALYSIS
Modifying effects of PCP alleles on Nab2 ex3 adult viability were quantified by calculating observed vs.
expected (o/e) Mendelian ratios. A chi-square test was used to analyze significance between samples.
Sample sizes (n) and significance p-values (p; denoted by asterisks *) are indicated in the text. Graphs 8 and statistical tests were generated using Prism™ (GraphPad Software), with significance level set to p<0.05.
DATA AVAILABILITY
All Drosophila transgenic and mutant lines used in this study are freely available upon request.
RESULTS
Wg/PCP ALLELES DOMINANTLY MODIFY THE GMR-Nab2 EYE PHENOTYPE
As described in prior work (PAK et al. 2011) , overexpression of Nab2 posterior to the morphogenetic furrow of 3 rd instar (L3) eye imaginal discs (GMR-Nab2) leads to adult eyes that are rough, reduced in size, and lack red pigmentation in posterior domains (compare Fig. 1A to 1B) . Genetic modification of this easily scored phenotype has proven effective in identifying factors that interact functionally with Nab2, including the nuclear poly(A) binding protein Pabp2 (Fig. 1C ) and the poly(A) polymerase Hiiragi (hrg; Fig. 1D ) (PAK et al. 2011) as well as the disease-associated RNA-binding protein Fmr1 (BIENKOWSKI et al. 2017) . To apply this approach to PCP-Nab2 interactions in a genetic screen, a group of 13 alleles corresponding to core and accessory PCP factors (Table 1) were crossed into the GMR-Nab2 background and scored for modification of eye-roughening and pigment loss in the progeny; only females were scored to avoid hemizygous effects of X-linked genes. As shown in Table   1 , the 13 alleles can be grouped into four classes based on their phenotypic effects on GMR-Nab2: dsh A3 , dsh 1 , Appl d , puc MI11060 , pk pk-sple-14 , pk 30 , tap MI10541 , fz JB , and stan frz3 alleles act as dominant suppressors of pigment loss and eye roughening ( Fig. 1E-M) ; Wnt4 C1 acts as a dominant enhancer of pigment loss and eye roughening ( Fig. 1N) ; pygo s123 and vang 6 have no effect on eye roughening but slightly modify pigment loss; dsh 6 and pk pk-sple-13 have no effect on either phenotype ( Fig. 1O and Table 1 ).
A review of these modifying effects is consistent with a link between Nab2 and the PCP arm of the Wg/PCP pathway. The two dsh suppressor alleles dsh 1 (K417M) and dsh A3 (R413H) are semiviable alleles that selectively perturb PCP due to amino acid substitutions in the DEP domain (Dishevelled, Egl-10, Pleckstrin) that block Fz-induced translocation of Dsh to the membrane (AXELROD et al. 1998; BOUTROS et al. 1998; PENTON et al. 2002) . In contrast, the non-modifying dsh 6 allele (also dsh M20 ) is a lethal amorph (null) that inactivates both classic Wg signaling and the PCP pathway (PERRIMON AND MAHOWALD 1987) . This pattern of dsh 1 , dsh A3 vs. dsh 6 modification is thus consistent with selective reduction of PCP activity resulting in suppression of Nab2 overexpression.
The suppressor allele Appl d (ß-Amyloid protein precursor-like) is an amorph that deletes the central coding region of a transmembrane protein that acts as a PCP-accessory factor in neurons and has established roles in retinal axon pathfinding and synapse formation (LUO et al. 1992; ASHLEY et al. 2005; MORA et al. 2013; SOLDANO et al. 2013) . Two of three alleles of the PCP component prickle, pk pk-sple14 and pk 30 (also Df(2R)pk) (GUBB et al. 1999) , also suppress GMR-Nab2. (BOUTROS et al. 1998; MARTIN-BLANCO et al. 1998) and a regulator of Dsh levels in brain mushroom body (MB) neurons (YUAN et al. 2016) , also act as GMR-Nab2 suppressors. Notably, an amorphic allele of pygopus (pygo s123 ), which encodes a key nuclear element of the canonical Wg pathway (BELENKAYA et al. 2002; KRAMPS et al. 2002; PARKER et al. 2002) , has little effect on the GMR-Nab2 phenotype. In sum, these data reveal a pattern of genetic interaction between Nab2 and Wg/PCP alleles in which reduced expression of proteins that act within the PCP-specific arm of the Wg/PCP pathway components mitigate the effect of Nab2 overexpression in the developing eye.
PCP ALLELES INTERACT WITH ENDOGENOUS Nab2
Genetic interactions between multiple PCP alleles and the GMR-Nab2 overexpression transgene prompted analysis of genetic links between PCP alleles and the genomic allele Nab2 ex3 , which is a recessive amorph that causes defects in survival, lifespan, locomotion, thoracic bristle morphology and neurodevelopment (PAK et al. 2011; KELLY et al. 2016) . Four different modifiers from the GMR-Nab2 eye screen -three suppressors, dsh 1 , Appl d , pk pk-sple-14 , and one enhancer, Wnt4 C1 -were tested for dominant effects on two easily screened Nab2 ex3 null phenotypes: reduced adult survival to eclosion (<5% in past studies e.g. PAK et al. 2011) , and thoracic bristle kinking. The former Nab2 ex3 survival defect was chosen because it can be rescued by neuron-specific expression of UAS-Nab2 or UAS-ZC3H14 transgenes (KELLY et al. 2016 ), suggesting that it is an indicator of underlying neuronal function. The latter Nab2 ex3 thoracic bristle defect was chosen because it suggests a link between Nab2 and the PCP-regulated process of F-actin assembly (reviewed YANG AND MLODZIK 2015).
To analyze adult viability, the percent of pupae hatching into viable adults was calculated for Nab2 pex41 (i.e. wildtype) control animals and for non-Tubby pupae collected from a Nab2 ex3 /TM6B Tb,Hu stock. Consistent with prior work, approximately 3% of Nab2 ex3 zygotic nulls hatch as viable adults, while the Nab2 pex41 (i.e. Nab2 wt ) control chromosome confers essentially full viability (97% hatching) (Fig. 2) . The dsh 1 and Appl d alleles respectively rescue survival to ~30% and ~25% among Nab2 ex3 females that inherit the dsh 1 or Appl d alleles from hemizygous fathers. The pk pk-sple14 and Wnt4 c1 alleles have no significant effect on Nab2 ex3 survival. These genetic data show that a subgroup of PCP alleles that modify GMR-Nab2 also dominantly rescue low viability of Nab2 ex3 animals. In dsh 1/+ ;;Nab2 ex3/ex3 surviving adult females, this rescue is also associated with reduced thoracic bristle kinking compared to Nab2 ex3 null females (~45% vs. ~90%; calculated as fraction of individuals showing at least one kinked humeral or scutellar bristle) ( Fig. 3A-B) . These data led us to examine whether loss of Nab2 is sufficient to produce PCP-like defects in sensitive tissues e.g. altering proximal-distal wing hair orientation, which is a phenotype associated with mutations in many Drosophila PCP components (reviewed in YANG AND MLODZIK 2015) . For this analysis, hairs in a fixed region between L3-L4 veins and distal to the posterior cross vein (PCV) were imaged in control (Nab2 pex41 ; Fig. 3C ) and Nab2 ex3 adult females (Fig. 3D) . Three examples of adult wing hair morphology in the L3-L4 region are provided for each genotype, together with corresponding magnified insets. Wing hairs in control wings are arrayed in a uniform right-to-left orientation that matches the proximal-to-distal axis of the wing (Fig. 3C) ; by contrast, hairs in Nab2 ex3 wings show consistent orientation defects (Fig. 3D) , including misrotation of individual hairs and occasional evidence of coordinated misrotation among adjacent hair cells (e.g. Fig. 3D , inset in top panel). These PCP-like hair defects in Nab2 null females are consistent with a role for Nab2 in mechanisms that guide planar polarity of wing cells.
PCP AND Nab2 GENETIC INTERACTIONS THROUGH THE PATERNAL GERMLINE
In the course of analyzing modified GMR-Nab2 progeny descended from dsh 1 and Appl d hemizygous fathers (i.e. dsh 1 /Y and Appl d /Y), we noted that male offspring carrying the GMR-Nab2 transgene exhibit suppression of eye roughness that approaches that seen in their dsh 1 /+ and Appl d /+ heterozygous sisters (compare Fig. 4C,D vs. Fig. 1F,G) . This result is unexpected because these males inherit a paternal Y chromosome, rather than dsh 1 and Appl d alleles, and because the unmodified GMR-Nab2 phenotype is more severe in males than females (see Fig. 1B (HONNEN et al. 2012 ).
This PCP-to-nucleus link has not been explored in the Drosophila germline, but it could provide a mechanism through which PCP alleles generate epigenetic changes in the male germline that modify -GMR-Nab2 phenotypes in progeny. Importantly, we also observed evidence of this type of link between endogenous Nab2 and dsh. A paternal copy of dsh 1 indirectly rescues survival among +/Y;;Nab2 ex3/ex3 male offspring to ~23% (Fig. 1E) , which mirrors the indirect dsh 1 rescue of GMR-Nab2 eye roughening. By contrast, the Appl d allele has no indirect effect on the survival of +/Y;;Nab2 ex3/ex3 male progeny. This difference between the paternal effects of dsh 1 and Appl d on +/Y;;Nab2 ex3/ex3 offspring is consistent with a strong germline link between Nab2 and dsh. In sum, these rescue data imply two modes of Nab2 null rescue by PCP loss-of-function alleles: (1) by direct zygotic inheritance of dsh 1 or Appl d , which could suggest that Nab2 normally represses PCP activity;
(2) and by indirect exposure to dsh 1 , but not Appl d , in the male germline.
DISCUSSION
Here we have used three phenotypes caused by altered dosage of the Drosophila poly(A) RNA-binding protein Nab2, (1) eye roughness caused by overexpression of Nab2 (GMR-Nab2), (2) neuronal requirement for Nab2 in adult survival (KELLY et al. 2014) and (3) thoracic bristle kinking in Nab2
null animals, to screen for genetic interactions between Nab2 and genes encoding components of the Wg/planar cell polarity (PCP) pathway. The Nab2-PCP interactions detected by this approach are consistent with a role for Nab2 in restraining PCP signaling in certain Drosophila tissues, perhaps by inhibiting expression of a PCP component in vivo. As Nab2 and its human ortholog ZC3H14 play conserved roles in neurodevelopment and neural function (PAK et al. 2011; KELLY et al. 2014; KELLY et al. 2016; BIENKOWSKI et al. 2017; RHA et al. 2017; COLLINS et al. 2019) , these data provide insight into pathways that may be disrupted in ZC3H14-associated intellectual disability.
The suppressive effects of alleles that impair Wg/PCP signaling, and in some cases specifically perturb the PCP arm of the Wg pathway (e.g. dsh 1 , Appl d ), are observed with phenotypes caused by both Nab2 overexpression (GMR-Nab2) and loss (Nab2 ex3/ex3 ). This pattern differs from other Nab2 modifier alleles that have inverse effects in these two Nab2 backgrounds (for example dfmr1 ∆ 50 as in BIENKOWSKI et al. 2017) . The common suppressive effect of dsh 1 and Appl d on Nab2 gain/loss phenotypes could be explained if a normal dose of Nab2 is required to maintain a balance of PCP signaling between cells, and that imbalanced PCP signaling resulting from Nab2 overexpression or loss is then restored by reducing the genetic dose of either dsh, Appl, puc, pk, tap, fz, or stan.
Among Wg/PCP alleles tested in this study, the dsh 1 allele displayed the most consistent suppressive effects on Nab2 null phenotypes. Because dsh 1 specifically impairs PCP signaling (AXELROD et al. 1998) , Nab2 null flies might thus be expected to display defects in hallmark PCPregulated processes, e.g. wing hair polarization and ommatidial rotation. Consistent with this hypothesis, we demonstrate here that Nab2 loss causes hair misorientation in adult wings, suggesting that Nab2 regulates PCP within wing cells. As Nab2 is expressed ubiquitously but required in neurons for viability (KELLY et al. 2014) , the rescue of Nab2 null viability by dsh 1 implies that the Nab2-PCP link may also occur in neurons. This idea is further supported by the genetic interaction between Nab2 ex3 and the Appl d allele, which inactivates a neuron-specific PCP component (SOLDANO et al. 2013) , and by GMR-Nab2 modification by an allele of tap, a regulator of dsh expression in neurons (YUAN et al. 2016) . Interestingly, both Nab2 and PCP alleles individually alter the trajectories of axons that project from a group of brain neurons termed Kenyon cells (NG 2012; KELLY et al. 2016) , which provides a cellular context for future study of the Nab2-PCP interaction.
Nab2 may modify PCP-regulated developmental processes indirectly through post- (LIU et al. 2016) . In light of these observations, the corresponding fly vang and dlg1 mRNAs are candidate Nab2 targets that may contribute to Nab2-PCP genetic interactions documented in this study.
In the course of these studies, we found evidence of an unexpected link between PCP and Nab2 in the male germline. Hemizygosity for dsh 1 in the paternal germline can rescue eye roughening in +/Y;GMR-Nab2 males and survival of +/Y;;Nab2 ex3/ex3 males, while Appl d hemizygosity in the paternal germline rescues eye roughening in +/Y;GMR-Nab2 males but not +/Y;;Nab2 ex3/ex3 survival. Maternal effect mutants are quite common and reflect the important role of maternally provisioned mRNAs and proteins in early development (SCHUPBACH AND WIESCHAUS 1986). Paternal effects are by comparison much less common and have not been reported previously for dsh or Appl alleles. One potential explanation for the dsh 1 /Appl d hemizygous effects could be that these alleles produce heritable epigenetic changes in the paternal genome that affect expression of factors involved in GMR-Nab2 and/or Nab2 ex3 phenotypes in the subsequent generation. However, the PCP pathway is generally regarded as a cytoplasmic circuit that locally remodels the cytoskeleton but lacks nuclear output (e.g.
as in the Drosophila wing). Notably, one study suggests that signals in the C. elegans germline from the Vang homolog VANG1 may be transmitted into the nucleus by the DAF-16/FoxO transcription factor (HONNEN et al. 2012) . This finding links a core PCP component, VANG-1, to the activity of a transcription factor that could alter heritable chromatin states. The analogous Vang-FoxO link has not been studied in the fly germline but it is a candidate to mediate the paternal effect of dsh 1 and Appl d alleles on Nab2 alleles.
In sum, here we present the results of a candidate-based genetic screen that identifies a series of dominant genetic interactions between Wg/PCP alleles and both a Nab2 transgene and null allele.
Collectively these interactions provide evidence that the Nab2 RNA binding protein may regulate expression of PCP component(s) in different cell types, including neurons and/or wing hair cells. This latter conclusion is significant given that very few Nab2-target mRNAs are known and that the Nab2 human ortholog ZC3H14 is lost in an inherited form of recessive intellectual disability (PAK et al.
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